Cryogenian cap carbonates that overlie Sturtian glacial deposits were formed during a post-glacial transgression. Here, we describe microfossils from the Kakontwe Formation of Zambia and the Taishir Formation of Mongolia-both Cryogenian age, post-Sturtian cap carbonates-and investigate processes involved in their formation and preservation.
sedimentological features (e.g., Hoffman, Macdonald, & Halverson, 2011; Hoffman & Schrag, 2002; Pruss, Bosak, Macdonald, McLane, & Hoffman, 2010 )-sit atop both glacial deposits and record the postglacial warming interval.
Prior to the Sturtian glaciation, several groups of eukaryotes are known to have radiated, including amoebae and both red and green algae (Butterfield, 2000; Butterfield & Rainbird, 1998; Cohen & Macdonald, 2015; Knoll, 1992) . Molecular clocks also indicate the radiation of other modern eukaryotic groups such as foraminifera, ciliates and animals prior to the Snowball Earth event (Parfrey, Lahr, Knoll, & Katz, 2011) .
The Sturtian glaciation is speculated to have caused large-scale extinctions especially of eukaryotic communities (Corsetti, Awramik, & Pierce, 2003) , resulting in dramatic change in marine ecology after the Sturtian glaciation. Indeed, the harsh conditions during this global glaciation and its long duration may have stressed the mostly microbial ecosystems at this time (Cohen & Macdonald, 2015) . For example, the presence of glaciers extending to the equator 700-1400 m thick on the continents (Liu & Peltier, 2010) and ~1000 m thick on the oceans (Tziperman et al., 2012 ) may have caused a shortage of liquid water and reduced the availability of sunlight in the ocean, especially impacting photosynthetic organisms including new communities of eukaryotes (Costas, FloresMoya, & López-Rodas, 2008) . The extent of these impacts, however, has been poorly understood. Previous work on Sturtian glacial diamictites and shales deposited during the Cryogenian non-glacial interlude in Australia and Svalbard has suggested that eukaryotic diversity decreased in the aftermath of the Sturtian glaciation (Riedman, Porter, Halverson, Hurtgen, & Junium, 2014) . Cohen and Macdonald (2015) also point out that the fossil record during the Cryogenian shows an apparent decrease in eukaryotic diversity, but they suggest that this decrease in diversity is not statistically significant and may be an artefact.
The fossil record of carbonate sediments deposited in the aftermath of the Sturtian glaciation may offer new insights into marine ecology during the Cryogenian non-glacial interlude and processes involved in the formation and preservation of these fossils. The geochemistry, sedimentology and stratigraphy of cap carbonates are well studied (Bold et al., 2016; Johnston, Macdonald, Gill, Hoffman, & Schrag, 2012; Macdonald, Jones, & Schrag, 2009; Master & Wendorff, 2011; Wendorff & Key, 2009 ), but only recently has a fossil record emerged from these units. Investigation of the Rasthof Formation of Namibia-a post-Sturtian cap carbonate-revealed abundant agglutinated testate microfossils Bosak et al., 2012; Dalton, Bosak, Macdonald, Lahr, & Pruss, 2013) . The microfossil assemblages of the Rasthof Formation contain agglutinated oval and spherical tests whose morphologies are consistent with those of modern agglutinated testate amoebae . Also present in these cap carbonates are agglutinated, tubular forms and some oval structures longer than 200 μm with blunt ends which resemble modern monothalamous tubular and globular foraminiferans Bosak et al., 2012) . Additional elongated structures, 50 μm to 175 μm long, resembling modern codonellid tintinnid ciliates, are present in the Taishir Formation of Mongolia . These were the first reported microfossils in cap carbonates, but the question remains how these structures were formed and preserved, and whether these fossils are representative of a global biological picture during the non-glacial interval.
Here, we describe new microfossil assemblages from post-Sturtian cap carbonates of the Kakontwe Formation of Zambia and the Taishir Formation of Mongolia and compare these fossils to testate microfossils from the Rasthof Formation of Namibia. The new fossil assemblages consist primarily of simple morphotypes, but some also contain distinct and previously unrecorded features, increasing the total morphological diversity and bolstering global distribution of these eukaryotic organisms in the aftermath of the Sturtian glaciation. We also present compositional and mineralogical analyses of the mineral-rich, walled microfossils from different localities across the three formations to test hypotheses about the roles of biological agglutination and diagenetic processes in fossil preservation.
| GEOLOGICAL SETTING

| The Kakontwe Formation, Zambia
The Neoproterozoic Katangan Supergroup spans the Katangan Province of Democratic Republic of Congo, Zambia, and eastern Angola and was deposited in an intercratonic rift (Master & Wendorff, 2011) . The Katangan Supergroup includes (from bottom to top) the Roan, Nguba, Kundelungu, Fungurume and Plateau groups (Batumike, Cailteux, & Kampunzu, 2007; Master & Wendorff, 2011; Rooney et al., 2015) . At the base of the Nguba Group lies the Grand Conglomerat, a glacial diamictite of Sturtian age (Batumike et al., 2007; Master & Wendorff, 2011; Rooney et al., 2015) . The Grand Conglomerat is overlain conformably by the Kakontwe Formation, a post-glacial cap carbonate (Master & Wendorff, 2011; Rooney et al., 2015; Wendorff & Key, 2009) . Near the town of Kakontwe, this unit is approximately 245 m thick. Massive grey dolomite at the base is overlain by massive grey limestone with local oncolites, bedded grey limestone, light grey to black massive dolomitic limestone and dark grey limestone interbedded with dark shaley limestone (Batumike et al., 2007; Rooney et al., 2015) . Near the town of Kipushi, the Kakontwe Limestone is thicker (~340 m) and is a medium-to coarse-grained dolostone rather than the limestone found to the north (Batumike et al., 2007) .
Samples of the Kakontwe Formation were collected from core drilled near Kipushi, Democratic Republic of Congo. Details of the location of the drill core and core log can be found in Bodiselitsch, Koeberl, Master, and Reimold (2005) . We analysed 19 samples spanning ~85 m of stratigraphy (from 54 m to 139 m) (Figure 1a ). In this part of the section, the Kakontwe Formation is dominated by dark, micritic, thinly laminated microbialaminite. The microbial lamination in these dark limestones exhibited varying degrees of preservation, and 15 of 19 samples yielded microfossils.
| The Taishir Formation, Mongolia
The Cryogenian Tsagaan Olom Group, which hosts the Taishir Formation, covers the Zavkhan Terrane of south-western Mongolia and represents mostly carbonate ramp deposition (Bold et al., 2016; Macdonald et al., 2009 ). The Tsagaan Olom Group contains glacial deposits of the Maikhan-Uul diamictite, thought to correspond to the Sturtian glaciation Macdonald et al., 2009; Shields & Veizer, 2002 ). This diamictite is overlain by the Taishir Formation.
The Taishir Formation is a post-Sturtian organic-rich limestone approximately 570 m thick (Bold et al., 2016; Johnston et al., 2012; Macdonald et al., 2009 ) and can be divided into three supersequences.
The first supersequence (unit T1) is 110 m thick and consists of a dark grey laminated limestone followed by calcisiltite and grainstone (Bold et al., 2016) . The second super sequence (unit T2) is 210 m thick and begins with thin-bedded micrite and calcisiltite succeeded by metrescale parasequences of calcisiltite and grainstone. The base of the third supersequence is defined by a recessive interval composed of thin-bedded micrite and calcisiltite followed by a sequence of dark limestone micrite, calcisiltite, grainstone with giant ooids, and minor microbialaminite. In total, the third supersequence (unit T3) is up to 250 m thick (Bold et al., 2016) . hydrated ammonium acetate to gently remove the carbonate matrix (e.g., Dalton et al., 2013) . Residues were filtered by suction filtration through 0.2-μm, 41-μm and 100-μm Millipore nylon net filters (EMD Millipore, HNWP04700, NY4104700 and NY1H04700, Billerica, MA, USA). Residues in the >100 μm range and the 41-100 μm range were examined under a Nikon SMZ645 stereoscopic microscope.
Microfossils and any structures with repeating morphologies were picked from residues for analysis using scanning electron microscopy (SEM), SEM energy dispersive X-ray spectrometry (SEM-EDS), X-ray diffraction (XRD) and Raman spectroscopy (instrument specifications below). Of the 37 new samples analysed in this study, 23 yielded microfossils. Depending on the number of structures found in the residue covering a glass slide with dimensions 1" by 2" (sensu Dalton et al., 2013) , the samples were categorized as having abundant (>10 specimens), present (1-10 specimens) or no microfossils. These classifications were based on number of microfossils found in ~300 μl of residue. Thin sections of fossiliferous samples from the Kakontwe and Taishir formations were imaged using a petrographic microscope.
Potential microfossils were placed on SEM stubs (Ted Pella, Inc.) using carbon adhesive tabs and coated with gold and palladium using X-ray diffraction spectra were collected for each sample from 3 to 80 degrees over 4 to 7 hr and analysed using HigHscMORE paus software.
Raman spectroscopy was performed using a Horiba Multiline
Raman Spectrometer at the Center for Nanoscale Systems (Harvard University). Microfossil specimens from the Taishir and Kakontwe formations were placed on glass slides. The spectra of individual specimens were collected using 50× magnification with a 633-nm wavelength laser, and the data were analysed using a bspREc software.
Analyses of residues and individual specimens were combined with the analyses of 19 thin sections of samples from the Kakontwe Formation and eight from the Taishir Formation. Each thin section was examined to confirm the presence of microfossils in situ in the rock samples and to compare the abundances and morphologies of microfossils between thin sections and residues. Thin sections were also used to further understand and mineralogy and preservation of microfossils within the carbonate and microbial sediments.
| RESULTS
| Acid maceration, SEM analysis and size distribution
| Kakontwe Formation
Of the 19 insoluble residues analysed from the Kakontwe Formation, 15 yielded putative microfossils (Table 1) . Grey-to-black structures with repeating morphologies similar to the previously described microfossils from the Rasthof Formation and the Taishir Formation Bosak et al., 2012; Dalton et al., 2013; Pruss et al., 2010) were especially abundant in lower microbially laminated and unlaminated limestones. Samples K1-54.10 through K9-91.53
had abundant putative microfossils (more than 10 specimens per slide; T A B L E 1 (Continued) K19-136.91, structures were present but less abundant (between 1 and 10 structures per slide; see Figure 1a and Table 1 ).
The diameters of structures from all samples ranged from The size distribution of a representative assemblage of putative microfossils was determined in sample K2-58.25 because this sample contained abundant structures with repeating morphologies (Table 1) .
One hundred putative microfossils were measured along both the long axis (length) and short axis (width). The lengths were normally Table 1 ). Samples F1125-6.0 through F1125-10.5 consistently contained abundant structures (>10 putative microfossils per slide; see Table 1 ).
| Taishir Formation
Residues of the Taishir Formation contained distinctly round structures that were smaller than those observed in the Kakontwe Formation (50 ± 5 μm to 140 ± 5 μm). Distinct, repetitive morphologies included predominantly spherical forms (~64%, N = 95; Figure 4a ), spherical forms with one blunt or inwardly curved end (~16%; Figure 4b ,c,d,e), forms that tapered along the long axis to a narrow end (~3.9%), ovoid forms (~6.5%) and spherical structures with a possible opening (~10%; Figure 4a ,f,g,h). All examined broken structures were hollow and had 8 ± 1 μm-thick walls (Figure 4h ). The walls of structures from the Taishir Formation contained evenly distributed, 4 ± 1 μm-to 20 ± 5 μm-wide mineral grains.
We analysed the size distribution of 50 structures from sample F1125-7.0 as a representative assemblage with abundant structures (Table 1) 
| Rasthof Formation
All eight samples of dark micritic limestones from the Rasthof Formation from the Okaaru locality and five of the seven samples from the Ongongo locality yielded structures similar to the previously described microfossils from different samples from these localities (Table 1, Dalton et al., 2013) . These structures appeared predominantly in microbially laminated limestone samples, especially those with roll-up structures.
Putative microfossils from both Okaaru and Ongongo samples were white with red spots under reflected light (see Dalton et al., 2013) . Structures were commonly ovoid (~27%, N = 30; Figure 5a ) and often had a blunt or curved edge (~27%). Additional forms were spherical (~14%; Figure 5b ), tapered along the long axis to a narrow end (~14%) or had a hood and possible opening (~18%; Figure 5b ,c,d,e).
All structures were uniformly coated by 4 ± 1 μm-to 20 ± 1 μm-wide mineral grains ( Figure 5 ). Rare broken structures revealed hollow interiors with 10 ± 5 μm-thick walls (Figure 5f ).
| Petrographic analysis
| Kakontwe Formation
Walled, mineral-coated structures could be seen in the thin sections of all 15 samples that yielded putative microfossils in residue. In thin typically surrounded by matrix rather than cement (Figure 6a,b) . The forms commonly appeared to be uniformly dark and micritic, but some had a dark outer wall (10 ± 1 μm) and a micritic infill (Figure 6b ).
Occasionally, forms tapered along the long axis towards a blunt end or neck (not shown).
In general, samples with abundant or present microfossils in residues contained visible microfossils in their corresponding thin sections. However, thin sections of two samples, K14-115.00 and K19-136.91, revealed more structures than their corresponding residues: ~20 structures were present in thin sections, while residues facies had disrupted fabrics and appeared to be recrystallized. In these facies, structures seen in thin section appeared to be altered and contained more carbonate cement inside of the structure than structures in other samples. This suggests that microfossils from these samples may have been destroyed in the acid maceration process, explaining their absence in residues.
| Taishir Formation
Thin sections of the Taishir Formation contained spherical forms whose sizes and round, blunt-edged and elongated morphologies were consistent with the structures found in residue (50 ± 5 μm to 140 ± 5 μm). Grey structures were most visible in dark, fine-grained limestone facies and were often filled in with micrite (Figure 6c,d ).
Distinct walls were not easily distinguished in thin section due to the smaller size of structures and the very dark, micritic background.
| Chemical analyses and X-ray Spectra of Walled Structures and Clay Fraction of Macerates
The minerals coating structures from both the Taishir We compared the mineralogy of the walled structures and the fine size fraction of the bulk residues (<0.2 μm) by X-ray diffraction to better understand the similarities and differences between clay mineral composition of the walled structures and mineralogy of the sediments in which the structures were preserved. Structures from the Kakontwe Formation contained quartz, iron oxides, titanium oxides and micagroup clay minerals (especially muscovite; Figure 9a ). Also present was potassium-rich feldspar (microcline; Figure 9a ). The clay size fraction from macerates also contained muscovite, quartz, iron and titanium oxides, and a small amount of microcline as well as additional peaks of dolomite ( Figure 9a) . Similarly, structures from the Taishir Formation contained quartz and some iron and titanium oxides, although the dominant clay mineral in these samples was illite rather than muscovite. These minerals were consistent with minerals peaks present in the XRD spectra of the fine size fraction of the residue from the Taishir 5f, and 6a,b) Bosak et al., 2012; Dalton et al., 2013) . Compositionally and morphologically, these walls are also simi- 
| Mechanisms of testate fossil preservation in cap carbonates
Previous studies interpreted the organic-and mineral-rich walls of structures from the Rasthof and the Taishir formations as products of biological selection of minerals by agglutinating microbial eukaryotes Dalton et al., 2013) . Here, we evaluate the agglutination hypothesis and consider an alternative hypothesis. in Bolivia, where smectite precipitates in sheets over the siliceous frustules (Badaut & Risacher, 1983) . In both cases, some remnants of the original biogenic siliceous structure remain, and the precip- Nikolaev et al., 2005; Sabbatini et al., 2016; Šatkauskienė, 2014; Vohník et al., 2009 ). These organomineral associations have a high preservation potential because they retain both detrital grains and the organic component, and acquire a stronger signal of diagenetic quartz over time (McNeil et al., 2015) . Microfossils from these localities may therefore represent agglutinated tests that preserve the original structure and mineralogy of tests after burial (Figure 10b ). Modern agglutinating microbial eukaryotes select for calcareous or siliceous minerals.
Some of these are flat, micaceous grains with uniform sizes within a given organism (Armynot du Châtelet et al., 2010; Šatkauskienė, 2014) . In fact, some modern lobose amoebae and foraminifera select for minerals that comprise only a small fraction of the bulk sediment, and may concentrate minerals such as zircons, ilmenite and titanium (Armynot du Châtelet et al., 2010 Makled & Langer, 2010; Sabbatini et al., 2016) . The large concentrations of minerals in tests relative to the surrounding micrite or the microbial laminae (cf. figure 3 in Bosak, Lahr et al., 2011; Newman et al., 2016) Microfossils from all three localities contain a suite of mineral grains between 5 μm and 20 μm across and include quartz, clay minerals (illite and muscovite) and occasional iron and titanium oxides ( Figure 9 ). These minerals are also present in the fine size fraction of the residues and include distinctly non-authigenic components such as TiO 2 and K-feldspar. This fraction may have been delivered to the carbonate-precipitating marine environments as the wind-blown or fine-grained component of distal riverine input (e.g., Muhs, Bettis, Been, & McGeehin, 2001; Prospero, 1972 (Totten & Blatt, 1996; Verdel, Niemi, & van der Pluijm, 2011) . Thus, microfossils from all three formations were likely initially composed of similar minerals. Such striking consistency in mineralogy between the three localities, therefore, likely indicates similar selectivity in mineral type and size by organisms during agglutination rather than identical diagenetic processes altering the microfossil assemblages from three geographically distinct localities.
| Possible taxonomic affinities
Several groups of modern test-forming microbial eukaryotes, including testate amoebae and foraminifera, are known to have simi- Microfossils from the Kakontwe, Taishir and Rasthof formations have very simple spherical and ovoid morphologies, but lack some of the more diagnostic characteristics described previously in tests from the Ongongo and the Okaaru localities of the Rasthof Formation Bosak et al., 2012; Dalton et al., 2013) , including hoods, curved necks and asymmetrically positioned slits or apertures that would strengthen the case for their similarity to lobose testate amoebae. The most distinguishing features of tests described here include blunt or curved edges or tear shapes. Indeed, round, spherical, ovoid and tear-shaped morphologies are present in some modern lobose testate amoebae, including species of the group Arcellinida (Amoebozoa) such as Heleoperidae, Plagiopyxidae and Difflugidae Gomaa, Todorov, Heger, Mitchell, & Lara, 2012; Gomaa et al., 2012; Lahr & Lopes, 2006 Vohník et al., 2009 ) as well as in some modern agglutinating foraminifera, such as saccamminids and psammosphaerids (Gooday et al., 2008 (Gooday et al., , 2013 Ohkawara et al., 2009; Rodrigues et al., 2015; Sabbatini et al., 2016) . A new morphology is also present 
| Palaeoecology
The commonality of fossils of testate eukaryotes in cap carbonates from the Kakontwe, Rasthof and Taishir formations suggests that eukaryotic organisms were abundant and globally distributed in the aftermath of the Sturtian glaciation. The compositional and broad morphological similarities across the three basins demonstrate that similar classes of organisms were selectively preserved during the deposition of cap carbonates. The close association of these organisms with microbially laminated sediments in both the Kakontwe and the Rasthof formations indicates that the testate organisms were likely benthic, a life style consistent with the formation of tests by agglutination. In contrast to a recent study of five Sturtian glacial and interglacial shales, which preserve mostly organic-walled fossils of planktonic prokaryotes (Riedman et al., 2014) , our study finds abundant fossils of benthic eukaryotic organism in shallow carbonatedepositing environments. This emphasizes the key role of cap carbonates in assessing eukaryotic lifestyles and diversity after the Sturtian glaciation. Evidence of morphospecies diversity among these organisms and across different basins comes from the variation of test sizes and specific morphological features like concave edges. Additionally, differences in relative proportions of ovoid, spherical and other morphologies in different formations and even in different parts of the same formations (e.g., Dalton et al., 2013) reinforce the inferences of diversity within and among microbial assemblages. This morphospecies diversity, found in cap carbonates, is greater than the diversity of organic fossils previously described in shale deposits (Riedman et al., 2014) . These shale deposits preserve at least 10 different morphospecies, but the majority of microfossils are representative of bacteria with few examples of confidently assigned eukaryotes (Riedman et al., 2014) . Microfossils of the Kakontwe, Taishir and Rasthof formations, on the other hand, contain at least six distinct morphologies (ovoid, spherical, tapered, ovoid with blunt or concave edges, spherical with blunt or concave edges, and ovoid with possible hoods), suggesting that diverse morphospecies of eukaryotes were present in the nonglacial interlude. Therefore, our study provides new insights by investigating a different depositional environment with a distinct set of ecological and preservational conditions. Future studies of other cap carbonates are likely to further increase the observed fossil diversity in Neoproterozoic post-glacial deposits.
| CONCLUSIONS
This study identifies abundant structures with mineral-and organicrich walls in previously unexamined samples of post-Sturtian cap carbonate deposits from the Kakontwe and Taishir formations. The new structures from the Kakontwe and Taishir formations are similar to those reported from the Rasthof Formation Dalton et al., 2013) 
